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1 INTRODUCTION

ABSTRACT

The large scale galaxy distributions in the Las Campanas Redshift survey (LCRS) are
investigated and compared with those in mock LCRS and mock 2dF catalogs and with
simulated dark matter particles and ‘galaxies’ in a cubic volume. Results obtained with
the Minimal Spanning Tree method reveal and statistically characterize the influence
of (1) the galaxy identification procedure in numerical simulations, (2) the geometry
of the survey volume, (3) the selection effects within a catalog, and (4) the random
velocities of the large scale matter distribution. *** All these factors lead to the
significant bias between the statistical characteristics of the basic DM and ’observed’
galaxy distributions.

Some statistical characteristics of large scale DM and galaxy distributions and, in
particular, its morphology are discussed and compared. We show that, in real space,
the filamentary character of matter distribution dominates for all simulated catalogs
and a moderate two-dimensional sheet-like component appears mainly within high
density massive walls due to partial matter relaxation. However, even in real space,
the quantitative characteristics of DM and ’galaxy’ distributions are found to be quite
different because of the sharp decrease of the number of objects. ***

In redshift space for the LCRS, mock LCRS, and mock 2dF catalogs, the sheet-like
structures dominate and contain 70 — 90% of all galaxies. This means that the high
density walls are formed by the successive compression and relaxation of earlier formed
filaments and other structure elements, and even the moderate random re-positioning
of galaxies due to radial velocities results stronly affects the observed internal charac-
teristics of structure elements. The evidences in favor of such conclusion are seen in
the observed galaxy distribution within the Great Wall (Fig. 5 in Ramella, Geller &
Huchra 1992).

We show that low density models such as the flat ACDM model with the dimen-
sionless matter density €, =~ 0.3, Q5 =~ 0.7, and the open CDM (OCDM) model with
0, ~0.5 are well consistent, for the Hubble constant h = Hy/100km/s/Mpc=0.65,
with the observed large scale galaxy distribution in the LCRS.

Key words: cosmology: large-scale structure of the Universe — galaxies: clusters:
general — theory.

distribution (see, e.g., Jenkins et al., 1998), but, importantly,
also confirming that the large-scale structure we see in the
Universe results from the growth through gravitational in-

Observationally, a striking picture has emerged for the form
of large-scale structure, with galaxy redshift surveys reveal-
ing an intricate, random cosmic network of walls and fila-
ments. It can be seen, for example, in the two surveys of con-
cern here: the Durham /UKST Galaxy Redshift Survey (Rat-
cliffe et al. 1996, hereafter DURS) and the Las Campanas
Redshift Survey (Shectman et al. 1996, hereafter LCRS). N-
body simulations reinforce this picture, providing further-
more a web-like nature to the underlying dark matter (DM)
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stability of small density inhomogeneities at the time of re-
combination (see, e.g., Cole et al. 1997, 1998). Our analyses
show that, for the present epoch, walls are a major compo-
nent of large-scale structure in the Universe, containing as
many as ~(40-50)% of the total galaxy population.

Most remarkable would be the Great Wall, a distinctly
rich overdensity of galaxies seen in the CfA galaxy redshift
survey and seeming to have a length of ~100h~" Mpc (de
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Lapparent, Geller & Huchra 1988); it was originally termed a
supercluster when observed by Thompson & Gregory (1978).
But, walls are clearly interconnected and the Southern Sky
Redshift Survey would even suggest that the Great Wall
connects to the walls in the South Galactic Cap (da Costa
et al. 1994; see, also, DURS). When viewed in projection
on the sky, the Great Wall can itself be seen to be highly
inhomogeneous, irregularly interwoven with rich filaments,
with rich clusters or knots at intersections, and even with
large ‘holes’ piercing the wall (see Fig. 5a of Ramella, Geller
& Huchra 1992). Clearly, the size of walls is a rather arbi-
trary concept; quantitatively, we can only measure the size
of the more overdense parts of walls. However, the walls are
seen to surround generally large ‘voids’, ~ 50 h~* Mpc in ex-
tent and containing poor galaxy filaments, creating a highly
random and broken cellular structure, for which one might
well hope to define a mean size for the ‘cells’ or voids.

Early discussions of the possibility of superclusters of
galaxies being Zel’dovich pancakes, a general consequence of
gravitational instability, were given by Thompson & Gregory
(1978) and Oort (1983a, b). More recently, quantitative evi-
dence for such a connection has come through a comparison
of the statistical characteristics of simulated walls with the
analytic predictions of an approximate model (Demiariski
& Doroshkevich 1999a, b, hereafter DD99; Demianski et
al. 1999, hereafter DDMT). The model is based on the
Zel’dovich Approximation (Zel’dovich 1970, 1978; Shandarin
& Zel’dovich 1989), which has been shown in N-body sim-
ulations to trace faithfully the growth of structure under
gravitational instability well into the non-linear regime, fail-
ing only on small scales in regions in which the particles
have begun the process of virialization. The model predicts
that structure evolution can be roughly described as a hier-
archical formation of Zel’dovich pancakes. Indeed, a pancake
describes generally how structure begins to form, as one axis
begins to collapse more rapidly than the other two. But, for
the first structures, collapse soon also occurs along a second
axis to produce filaments. These filaments are also collapsing
towards each other into larger and richer pancakes. These
large rich pancakes are then Zel’dovich pancakes still in their
first evolutionary stage and are, thus, now seen as systems
interwoven with high density filaments and clumps, as we
saw above for the Great Wall.

There are now several methods for the quantitative
analysis and description of such a complex galaxy distribu-
tion. The methods explore different properties of the distri-
bution, thus complementing each other. The most broadly
used and most studied analysis is that of the two-point cor-
relation function (Peebles 1993) and its Fourier transform,
the power spectrum. It is the most basic analysis for study-
ing the clustering of any point distribution. At present, it
reliably characterizes the galaxy distribution on scales of
<10k~ Mpec, but a large effort is ongoing to extend its
possibilities to much larger scales through power spectrum
analysis. Some information about the galaxy distribution on
such larger scales has been obtained with percolation analy-
sis (Zel’dovich, Einasto & Shandarin 1982), the genus curve
(Gott, Melott & Dickinson 1986), core sampling analysis
(Buryak, Doroshkevich & Fong, 1994, Doroshkevich et al.
1996, hereafter Paper 1) and with Minkowski functionals
(Sahni, Sathyaprakash, & Shandarin 1998; Sathyaprakash,

Sahni & Shandarin 1996, 1998; Schmalzing et al. 1999;
Schmalzing & Diaferio 1999; Bharadwaj et al. 2000).

However, considering that the cosmic web we see is pri-
marily made up of sheet-like and filamentary structures,
perhaps the most promising analysis for a quantitative de-
scription of such structures is that of the graph theoretical
technique of the Minimal Spanning Tree (Barrow, Bhavsar,
& Sonoda 1985; van de Weygaert 1991). Its effectiveness for
the analysis of observations is already clear from the work
of Bhavsar & Ling (1988), who successfully applied it to ex-
tract filamentary structures from the original CfA Redshift
Survey (de Lapparent, Geller, Huchra 1988). More recently,
we have successfully applied Minimal Spanning Tree analy-
sis to simulated DM distributions (Doroshkevich et al. 1999,
hereafter DMRT) and to observational redshift catalogs, the
LCRS (Doroshkevich et al. 2001, hereafter Paper 2) and the
DURS (Doroshkevich et al. 2000). The MST approach in-
cludes also several methods allowing the measurement of
complementary characteristics of structure. These methods
are presented in Sec. 2.

In this paper we take our study of the MST approach a
stage further and apply it to mock ‘galaxy’ catalogs based
on N-body simulations (Cole et al. 1998), as well as to the
LCRS observed catalogue. The mock catalogs not only iden-
tify ‘galaxies’ through standard biasing algorithms, but the
‘galaxies’ have been assigned absolute magnitudes based on
an observed galaxy luminosity function, and thus the cata-
logs have a realistic observational galaxy selection function
appropriate for magnitude limited samples. Of course, both
the mock and observed catalogs have already been studied
with various other methods, including correlation function
and power spectrum analyses (see, e.g., Landy et al. 1996;
Ratcliffe et al. 1996, 1998; Tucker et al. 1997; Paper 1; Shan-
darin & Yess 1998; Cole et al. 1998; Paper 2; Doroshkevich
et al. 2000).

In their application of the MST analysis to DM cata-
logs from N-body simulations, DMRT established that, in-
deed, the measures obtained do correspond approximately
to theoretical parameters of large-scale structure that can be
derived using the Zel’dovich Approximation (DD99). They
also showed that, for models like SCDM, structure is much
too evolved compared to that seen today. For this paper, we
have thus concentrated on the currently favoured models of
Lambda CDM (ACDM) and Open CDM (OCDM).

However, because of biasing, the distribution of galaxies
will differ from that of DM. We have thus also analysed the
underlying N-body simulations of the mock catalogs (kindly
supplied by S. Cole) to determine the possible effect biasing
has on our measures. Furthermore, with the simulations, we
can also determine the difference in the results from analy-
ses of the distributions in real as well as in redshift space.
Finally, the analysis of the mock catalogs will allow us to
determine the effect of the selection functions for our obser-
vational catalogs. The results of this analysis are also com-
pared to the results for the actual observational survey, the
LCRS.

This paper is organized as follows: In Sec. 2 the meth-
ods used are introduced. Sec. 3 briefly describes the basic
simulated and observed catalogs. General characteristics of
the MSTs for these catalogs are given in Sec. 4 and the
properties of selected structure elements discussed in Sec. 5.
We present in Secs. 6&,7 a more detailed comparison of
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the observed and simulated structure elements. Finally, we
conclude with a summary and short discussion of the main
results in Sec. 6.

2 CHARACTERISTICS OF LARGE SCALE
MATTER DISTRIBUTION

In this section we describe the techniques that we shall be
using. The Minimal Spanning Tree (MST) is powerful tech-
nique which allows us to obtain detailed characteristics of
sample of objects. It is also closely related to the more famil-
iar friends-of-friends clustering analysis; given the MST for
the whole sample, the cluster sample for a particular linking
length, I, is obtained by simply separating the MST with
respect to | — i.e.,, by removing any edges from the MST
whose length exceeds ! gives the ‘friends-of-friends’ cluster
catalog for that linking length. Basically, the MST for a
galaxy distribution contains within it all ‘friends-of-friends’
cluster catalogs for all linking lengths. It also makes the
MST analysis a powerful method for a more intensive usage
of clustering analysis. In our case, it helps separate the high
density regions from the low, with the high density regions
expected to be wall dominated and the low density regions
expected to be filament dominated. We can then test these
expectations by applying the MST technique to each density
regime, as well as to individual clusters.

As the techniques described apply to all samples, we
shall here simply refer to the objects in a sample as ‘points’.
Thus, depending on the sample, they are either DM parti-
cles, simulation ‘galaxies’; or observed galaxies.

2.1 Minimal Spanning Tree technique and cluster
analysis

The MST construct is a graph theoretical technique, orig-
inally introduced by Kruskal (1956) and Prim (1957) and
widely applied in telecommunications and similar fields. For
a given point sample, it is a unique network connecting all
the points of a sample such that the total length of the
network is a minimum, resulting generally in a tree-like
structure. Some definitions, examples, and applications of
the technique can be found in Barrow, Bhavsar, & Sonoda
(1985) and van de Weygaert (1991), with the latter also
providing references to more detailed mathematical results.
Here, we are mainly concerned with the probability distri-
bution function of the MST edge lengths, Winst (which we
hereafter call the PDF MST method). Clearly then, the po-
tential of the MST approach is not exhausted by our appli-
cations here.

The PDF MST, Wy st, depends, of course, on the cor-
relation functions (or cumulants) of all orders. Most inter-
estingly, for large enough separations, when correlation func-
tions become small and the cumulants tend to constants, the
distribution is expected to resemble a Poisson-like point dis-
tribution (White 1979; Buryak et al. 1991; Borgani 1996).
Now, for one-dimensional filaments and two-dimensional
sheets on which points are Poisson distributed, the PDF
MSTs have particularly simple analytical forms (Kendall &

Moran 1963); these are, respectively,
Wust(x) =e™ ", «=Ilusr/{IlmsT), (2.1a)
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Wasr(z) =2z, 2° = Ursr/(GasT)),  (2.10)

where lasT is an edge length of the MST.

As we only expect this to hold on large scales, {{msT)
will be distorted by clustering on smaller scales, so we need
then to fit our measured PDF MST with slightly modified
exponential and Rayleigh distributions:

Wast = e1 exp(—eax), Wust = cizexp(—caa’), (2.2)

where ez and c2 take this distortion into account and e;
and c; are normalization factors. Thus, if, as noted in Pa-
per 2 and DMRT, the PDF MST on the large scales of the
observed and simulated point distributions is similar to a su-
perposition of these functions, it would then provide quanti-
tative corroboration for filaments and sheets as morpholog-
ical characterizations of large-scale structure elements.

It is worth remarking that the technique then allows
us to characterize the structure of a whole sample or of a
subsample without the need of first separating out ‘structure
elements’. In Sec. 2.3 below we introduce a characteristic
parameter of the MST useful for understanding the possible
morphology of individual structure elements.

2.2 Selection of structure elements

Our previous analyses have shown that ~(40-50)% of the
total galaxy population are to be found in walls. We need
then to apply a clustering analysis to divide the sample into
two subsamples: a high density region dominated by walls,
and a low density region composed of so-called ‘voids’, which
we expect are dominated by poorer galaxy filaments. It will
also be interesting to study the morphologies of the separate
structure elements, i.e. the clusters themselves (Sec. 2.3).

As we mentioned at the beginning of Sec. 2, the com-
plete set of clusters for a given linking length, [, is obtained
by simply separating the MST with respect to l. For our
purposes we use the two parameter method described and
exploited in Doroshkevich et al. (2000) and Paper 2 for the
observations and in DMRT for DM catalogs from N-body
simulations. In this method the structure elements are iden-
tified with clusters found for a given threshold linking length,
lin, and a given threshold richness, Ny, . The threshold link-
ing length characterizes the threshold overdensity, d;p, of the
boundary of the cluster by

3

Sinh=b"=—— >
T Tt T ar (ngan)ld,

(2.3)
where (ngq;) is the mean density of points in the sample and
b:p, is a dimensionless linking length. The threshold richness,
Nyp, allows us to select a set of clusters with a given range of
richnesses. [Note that “friends-of-friends” group algorithms
use a very similar terminology: e.g., Ramella, Geller, &
Huchra (1989), for their group catalog, chose a linking length
of 0.27 h~! Mpc equivalent to a threshold density &, = 80,
and a threshold richness of Ny, = 3.]

As found in our previous papers a threshold overdensity
dtn, = bin, &= 11is convenient for the investigation of large scale
structure. Physically, this is entirely reasonable for DM, as
this divides underdense regions (relative to the mean den-
sity) from the overdense regions. Such underdense regions
will expand more rapidly than the universe as a whole to
form the voids we see today, whilst the overdense regions
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will expand less rapidly, so collapse in comoving space, and
will contain the rich wall-like structures of today. For ob-
servational catalogs, some variations in the values for b
permit us to take into account a possible large scale bias
(either natural or artificial) between the spatial distribution
of galaxies and the dominant DM component.

The wall-like structure elements are usually identified
with richer clusters. For a given by, (or, equivalently, a given
d+r), choosing a threshold richness, N;p, such that the frac-
tion of points f, ~ 0.4-0.5, will provide a set of clusters that
are associated with walls. The remaining galaxies in the cat-
alog constitute the subsample of poorer structure elements.
The MST study of these high density and low density sub-
samples then provides an insight into the separate morpho-
logical characteristics of the set of richer structure elements
and the set of poorer ones.

2.3 Morphology of structure elements

Once a set of structure elements have been thus selected,
each can be characterized, for example, by its richness or
mass (in which each galaxy or DM particle is weighted
equally), the sizes along the three principal axes of its inertia
ellipsoid and its shape or morphology. Here we are simply
interested in the morphology of a cluster.

The use of Minkowski functionals for determining mor-
phological characteristics of large-scale structure elements
has been discussed by Sahni, Sathyaprakash, & Shandarin
(1998); Sathyaprakash, Sahni & Shandarin (1996, 1998);
Schmalzing et al. (1999); Schmalzing & Diaferio (1999);
and Bharadwaj et al. (2000). These methods can clearly
characterize the shape of isodensity surface of structure ele-
ments.

Our interest in this paper, however, is to explore the
usefulness of the MST technique. We will use for a cluster
the appealing parameter, Ly, /Lsym, where Ly, is simply the
full length of the trunk of the MST (i.e., the maximum con-
tinuous path in the tree) and where Ly, is the total sum of
all the edges within the tree (branches included). This ratio
characterizes then the shape of even curved structure ele-
ments and is applicable to both rich and poor clusters. As
was discussed in Paper 2, we would expect Ly /Lsym <1
for sheet-like structure elements and elliptical clouds and
Ly /Loum =1 for filaments. Thus, the mass distribution as
a function of this ratio, Fin(L¢r/Lsum), provides a suitable
morphological description of the cluster catalog. In contrast
to Minkowski functionals, this approach takes proper ac-
count of the point distribution within cluster rather than
only the shape of isodensity surface.

Unfortunately, our results will show that we do not
have such a clean separation of morphologies. Visually, we
seem able to divide the elements of large-scale structure into
sheets and filaments. However, in reality, the morphology of
structure is much more complex. Even visually, we have seen
how the most famous sheet-like structure, the Great Wall,
seems to be composed of rich clusters bridged together by
galaxy filaments, and it would seem that many clusters are
composed of both filamentary and sheet-like components
randomly combined. In reality then there is a continuous
distribution of morphology, and it would be more accurate
to discuss the degree of filamentarity and the degree of a
“wall-ness” for a set of clusters. In this sense, the function

F,(Ltyr / Lgym ) provides the optimal characteristic of a sam-
ple under consideration.

2.4 Selection function

As both the observed and simulated mock catalogs are ap-
parent magnitude limited, the apparent density of galaxies
decreases with the distance according to the galaxy selec-
tion function. Normally, in friends-of-friends analyses some
correction can be made by using a linking length that is dis-
tance dependent. More convenient for our MST analysis is
the use of the following equivalent method.

For the simple magnitude-limited catalogs considered
here the differential number count can be well fitted to the
expression (Baugh & Efstathiou 1993)

dNgqi(z) = n(z) de z? exp(—w1'5)d:c, z =71/Rse1, (2.4)

where r is the galaxy radial coordinate and the typical scale
Re; depends on the magnitude limit of the catalog. We can
then create a modified galaxy catalog that is homogeneous
by using the modified radial coordinate, r4(r), instead of the
real radial coordinate, r:

= / Cfudr =R (1- (L4 y)e),  (25)
0

r 1.5
v= (Rsel) ’

For r € Rser, y <1,and ro = 7.

The procedure significantly improves the estimates for
structure parameters such as the mass function of structure
elements. However, it clearly cannot correct for the paucity
of galaxies in the most distant part of a survey, where it
would produce a significant fraction of spurious clusters. In
practice the volume of a redshift survey in which cluster
analysis can sensibly be used is restricted by both a small
distance cutoff, Dy, below which significant numbers of
clusters are seriously truncated by the survey boundaries, as
well as a large distance cutoff, Dyqe. (Again, this is similar
to the situation with standard “friends-of-friends” groups
algorithms: even though one can scale the linking lengths to
take into account selection effects in redshift surveys, beyond
a certain redshift the resulting groups are increasingly likely
to be spurious.)

For some catalogs (e.g., the LCRS), a bright apparent
magnitude cutoff was also used. In this case, the four pa-
rameter relation for the selection function can be written as
a difference between two functions similar to (2.4), but with
different R,.; and different normalization. However, taking
into consideration the approximate character of this process
of ‘correcting’ for the galaxy selection function — as well as
the need to impose these minimal and maximal depths —
we will fit the observed galaxy distribution for such catalogs
with a three parameter function that is the same as equa-
tion (2.4) except for the substitution of £ — z¢ in place of z,
with xo < Dmin/Rsel-

2.5 Spatial distribution of structure elements

Perhaps the most widely known early example of character-
izing the spatial distribution of wall-like structures within
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the free path of a narrow pencil beam redshift survey is that
of Broadhurst et al. (1990). *** It was thus that Buryak
et al. (1994) proposed another implementation of the quan-
titative analogue to the visual identification of clusters in
deep narrow pencil beam redshift surveys — that of the core-
sampling technique. The details of this technique can be
found in Paper 1, where it was applied to the deep wedge
slices of the LCRS. The core-sampling method was thus also
applied to the DURS (Doroshkevich er al. 2000). ***

A simple form of the core-sampling method was used
in DDMT to characterize properties of the wall-like struc-
tures for simulated dark matter catalogs and mock galaxy
catalogs. The application of this simple form of the core-
sampling method assumes that all galaxies in the sample
are distributed either in a set of conic cores with a given
angular size Ocore Or in a set of cylinders with a given di-
ameter Dcore. All galaxies are projected onto the core axis
and the one-dimensional distribution of galaxies along this
axis is investigated. In each core, the galaxies are grouped
— with appropriate linking lengths — into point-like clusters
placed at their centres-of-mass. The estimate of the mean
free path is then just the average separation between these
cluster points along the cores.

Two factors restrict the application of this method for
deep surveys. Firstly, the linear diameter of a conic core in-
creases quickly with distance and, for distant regions, mul-
tiple structures will overlap in projection onto the core axis.
This overlapping distorts the measured separation and, in
fact, destroys the main idea behind the core-sampling ap-
proach. At the other extreme, the small linear size of conic
core at small distances does not provide the effective averag-
ing of structure characteristics over the core. For such cores
the small scale clustering of galaxies within walls distorts
results and increases its random scatter.

To suppress the action of these factors and to obtain
more robust estimates of the free path we can, for example,
investigate nearby and distant regions separately.

2.5.1 Mean free-path between wall-like elements

Following the main ideas of the core-sampling approach, we
will find the set of the separations for walls along random
cores (the free path) both in the radial and in the trans-
verse directions. The main advantage of such an approach
is to look at the same sample at two complementary orien-
tations. The arbitrary character of such a definition of sep-
aration is an inevitable consequence of the irregular shape
and distribution of richer clusters.

2.5.2 Characteristics of random network of filaments

The characteristics of the spatial distribution of filaments
are more complicated as filaments form a random broken
network. The mean free path between filaments depends
upon the core shape as the number of filaments crossing
the core increases proportionally to the core surface area.
One useful property is the surface density of filaments, oy,
which is the mean number of filaments intersecting a unit
area of arbitrary orientation. This definition is insensitive to
the linking of the filaments to joint network and thus yields
an objective characteristic of this network.
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Figure 1. Distribution of galaxy distances in the two LCRS sub-
samples (50 and 112 fiber). The fits (2.4) and (3.1) are plotted
by dashed lines.

As was found in Buryak et al. (1994) the surface density
of filaments and the measured mean free path, (Dsep), are
linked by expression

0';1 = 0-5(S/Lcore)(Dsep); (26)

where S is the surface area and Lcore is the length of the
core. For conic and for cylindrical cores, respectively, this
expression can be rewritten as follows:

07! =0.2570core(Dmin + Dimaz){Dscp), (2.7a)

07! = 0.57Deore{Dsep), (2.7b)

where D,nin and Dpq, are minimal and maximal depths of
the core and Ocore and Decore are angular and linear diameter
for conic and cylindrical cores, respectively.

3 BASIC OBSERVED AND SIMULATED
CATALOGS

In this paper we investigate and compare the structure char-
acteristics obtained for the observed catalog— the LCRS —
*kx kx* sets of mock catalogs (Cole et al. 1998) simulating
the 2dF survey. For the LCRS and DURS the general prop-
erties of the spatial galaxy distribution have been discussed
in Paper 2 and in Doroshkevich et al. (2000).

3.1 Las Campanas Redshift Survey

The LCRS is organized as a set of 6 slices, three of which
— the LCRS-1 (6 = —3°), LCRS-2 (6 = —6°), and LCRS-
3 (0 = —12°) — are located towards the Northern Galac-
tic Cap, and other three slices — the LCRS-4 (6 = —39°),
LCRS-5 (0 = —42°), and LCRS-6 (6 = —45°) — are located
towards the Southern Galactic Cap. Each slice consists of a
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Table 1. Characteristics of observed and simulated catalogues

Qm h Ngal Uuel/\/g <lﬁg’l]‘> <lﬁtis'T>
km/s h~'Mpc h~Mpc
L3 Cubic Volume Catalogs
DM 0.3 0.65 7.08-10% 471 0.65
gal 0.3 0.65 2.10-10% 471 0.85
Mock 2dF Catalogs
05-600 0.5 0.6 1.85-10% 0.9 471 1.68 1.91
L.2-600 0.2 0.75 1.60-10° 0.9 336 2.20 2.26
L3-600 0.3 0.65 1.59-10°% 1.05 451 2.02 2.14
L.3-400 0.3 0.65 0.99-10% 1.05 418 1.56 1.67
Mock LCRS Catalogs
lers-1 0.3 0.65 4656 1.05 382 2.42 2.53
lers-2 0.3 0.65 5126 1.05 406 2.39 2.50
lers-3 0.3 0.65 4388 1.05 377 2.55 2.62
lers-4 0.3 0.65 3541 1.05 371 2.55 2.69
LCRS 21352 2.70

Here (ly\;g.lT) and (lﬁ‘ng) are the mean edge lengths of the full samples in real space

and redshift space, respectively.

set of fields of angular size 1.5° x 1.5°. A detailed descrip-
tion of the LCRS can be found in Shectman et al. (1996).
Some characteristics of large scale galaxy distribution were
discussed in Paper 1 and Paper 2.

One part of the survey (= 80% of the galaxies) was
performed with 112 fibers in each field and includes galaxies
within a nominal apparent magnitude range of 15.0 < mg <
17.7, but the other part (= 20% of galaxies) was performed
with 50 fibers in each field and includes galaxies within a
nominal range of 16.0 < mg < 17.3. Thus, the number of
galaxies in a 112-fiber field is roughly twice that in a 50-
fiber field. This factor causes artificial nonhomogeneities in
the observed galaxy distribution. For other slices the richer
and poorer fields are intermixed, and this partially disrupts
the regular character of observed structures and decreases
the mean observed density of galaxies by about 20%.

Another peculiarity of the LCRS is a depression of
the number of close galaxy pairs due to the finite size of
fibers (55 arcsec on the sky). This ‘fiber separation effect’
partly eliminates the small scale clustering of galaxies and
artificially reduces the measured richness of highly density
clumps. The random selection of galaxies within richer fields
up to 112 or 50 objects, respectively, decreases also the rich-
ness of walls.

Of course, these artificial selection effects could distort
the measured characteristics of walls in the LCRS. But as
discussed below, the influence of small angular thickness of
slices and limited representativity of the LCRS seems to be
more important and can result in stronger random variations
of measured structure characteristics. This means that re-
sults obtained for this catalog have a preliminary character,
and such analysis must be repeated for more representative
(and homogeneous) surveys.

For this catalog the selection function (2.4) can be used
with a redefined dimensionless distance as follows:

& =7/Reer — 0.44, Ry = 150h™ " Mpc. (3.1)
A modified catalog with the galactic density independent
of distance can be constructed as described in Sec. 2.5 .

The best sampled part of the LCRS are situated at distance
D ~ 250h~ ' Mpc (Fig. 1).

kokk skkok

3.2 Basic simulations

Here we consider four COBE-normalized magnitude-limited
mock catalogs (Cole et al. 1998) simulating the 2dF sur-
vey. Catalogs L2 & L3 are based on the flat ACDM model
whereas the catalog O5 is based on the OCDM model. We
restrict the catalogs L2-600, L3-600, & O5-600 to depths
of 100h 'Mpc< D < 600k 'Mpc and the catalog L3-400
to depths of 100h~'Mpc< D < 400h™*Mpc (i.e., ~62% of
galaxies and ~30% of volume of the sample L3-600). All
these catalogs are investigated both in real space and in
redshift space. These catalogs permit us to test our meth-
ods for various cosmological models with realistic selection
and geometrical effects characteric of observational catalogs.

The basic DM distribution and its corresponding sam-
ple of simulation ‘galaxies’ in a cubic volume are used for
the comparison with these mock catalogs. Such comparison
allows us to investigate the influence of the process of galaxy
identification within N-body simulations and the influence
of the usual observational selection effects on the measured
properties of the large scale matter distribution.

All mock catalogs reproduce the main observed charac-
teristics of large scale matter distribution. They have been
prepared with the same set of random amplitudes and dif-
fer only by the evolutionary degree attained. In all models
the general large scale structure is similar, differing only by
the degree of galaxy condensation and by the density con-
trast. For all catalogs the selection effects are well described
by Eq. (2.4) with the typical scale Rso; = 288h~ ' Mpc. The
best sampled regions are located near 300h~'Mpc.

The main characteristics of these catalogs are listed in
Table 1, where Nyq; is the number of ‘galaxies’, os is the
amplitude of perturbations used, and o, is the velocity
dispersion of all the ‘galaxies’.

For comparison with the LCRS, four slices with angu-
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lar size § = 1.5° and magnitudes 16.15 < m < 18.5 were
extracted from the ACDM simulation with €,,=0.3 for a
maximum depth of 400A~'Mpc. For these slices the number
of galaxies and the selection function are similar to those in
the LCRS. Parameters of these slices are also listed in Ta-
ble 1. *** We find most of the results for the models to be
similar and so will discuss just the results from the ACDM
with Q,, = 0.3 simulation. ***

4 GENERAL PROPERTIES OF LARGE-SCALE
STRUCTURE

In this section we study the MSTs for the simulations, ap-
plying the MST analysis to each catalog as a whole. ***
*kk

With the mock catalogs, we are also able to make com-
parisons of some of the properties in the simulations with
the corresponding results for the two observational catalogs,
the LCRS (Paper 2) and DURS (Doroshkevich et al. 2000).

However, the main aim of our study here is to explore
the effect on our MST analysis due to (a) the ‘biasing’ ap-
plied in these simulations to identify ‘galaxies’, (b) the dif-
ference between real and redshift space, and (c) the observa-
tional constraints in magnitude limited redshift surveys due
to both the galaxy selection function and a wedge-shaped
spatial geometry.

4.1 Minimal Spanning Tree in real and redshift
spaces

4.1.1 DM and ‘galazy’ distributions in real space

Figures 2a & b show the MST PDF's for the DM and ‘galaxy’
distributions in the full cube of the ACDM simulation. In
both cases, the MST PDFs are well fitted by two exponen-
tials, one for 554 < (13544 ) and the other for I55% > (Ihe4h),
*** with a some moderate fraction of high density clumps
with 554, <0.1{07e%,). *** Here ([75%.) is the mean edge
length for the whole population, the values of which are
listed in Table 1. (Note: in Table 1, I3¢% denotes the real
space linking length; 15¢%,. denotes redshift space linking
length.) Thus, the MST analysis describes both the DM and
‘galaxy’ spatial distributions as two different systems of fil-
amentary structure elements. (Recall from eq. 2.1a that an
exponential fit indicates a one-dimensional, or filamentary,
distribution.)

Fig. 2a furthermore shows that most of the DM (~90%
of the DM particles) is in the denser filaments. The ex-

ponential fits give mean edge lengths of ~ 0.4(l53¢%) for

this subpopulation and ~ 3(I3¢%y) for the lower density fil-
aments. Fig. 2b, on the other hand, shows that the numbers
of ‘galaxies’ in the high and low density populations are
more comparable, with ~75% ‘galaxies’ in the denser fila-
ments. The fits give mean edge lengths of ~ 0.6(I55%) for
this subpopulation and ~ 2(I3¢4) for the other ‘galaxies’.
This difference between the DM and ‘galaxy’ distributions
is, of course, a direct consequence of the ‘anti-biasing’ pro-
cedure used by Cole et al. (1998) for identifying which DM
particles are ‘galaxies’. It effectively suppresses the cluster

cores that CDM forms, which have been found to have a
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Figure 2. Distribution functions of MST edge lengths in real
space for the basic distribution of DM particles (panel a), volume-
limited distribution of galaxies in a cube (panel b), and for the
L3 — 600 mock 2dF catalog (panel c), Two exponential fits are
plotted by dashed and dotted lines.

much steeper central profile than observed for the cores of
galaxy clusters.

The effect of imposing on the ‘galaxy’ distribution the
selection function and the spatial wedge geometry of an ob-
served magnitude limited sample can be seen in Fig. 2c,
where the MST PDF for the mock 2dF ‘galaxy’ catalog L3-
600 is plotted. It shows a much smoother distribution of
edge lengths which can be approximately fitted to a single
exponential function with the same (I5¢%7) as for the pop-
ulation in the corresponding observational catalogs (Table
1). The small excess of edges over the exponential fit, with
1/{1he%) ~1-2, would seem to indicate the existence of a
relatively weak wall-like component. But, clearly, the im-
position of the observational constraints has caused a ma-
jor distortion of the MST PDF. Attempting to account for
the selection effect through the use of the ‘modified’ catalog
(see Sec. 2.4) does help to decrease the mean edge length
by about 1.5 times, but it remains 1.5 times larger than the
(Iheal.) for the volume-limited ‘galaxy’ distribution in the
simulation cube. In any case, *** *** it has been unable to
correct the general shape of the MST PDF fully.

In summary, the results of this section show how the
MST analysis sensitively reflects the biasing between ‘galax-
ies’ and DM. However, they also show how the constraints of
real observations greatly alter the large-scale characteristics
of the galaxy distribution. Statistical measures, such as the
correlation function or power spectrum analysis, can be cor-
rected for the selection function and the observational ‘win-
dow’. However, such measures are averages over the sample,
which the MST is not. Thus, the MST, as we have seen,
cannot be effectively corrected by the procedure that is of-
ten used for constructing cluster catalogs; it simply reflects
the rather obvious fact that one cannot truly restore lost
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information and thereby fully reconstruct the full and true
galaxy distribution in the universe.

4.1.2  Galazy distributions in redshift space

Here, we describe the MST PDFs in redshift space for four
catalogs, including that for the observed LCRS, which is
plotted in Fig. 3a. This can then be directly compared with
the mock LCRS, a catalog of four slices from the ACDM
simulation, the results of which are plotted in Fig. 3b. There
is little difference in the results whether we use the mock 2dF
limited to 400 A~ Mpc or 600 A~! Mpc. Also, similar to the
results in the previous section on the real space distributions,
using the ‘modified’ catalogs based on these redshift space
ones decreases the mean edge length by a factor of about
1.7-2 times, but changes little the form of the MST PDFs.

In contrast to real space, most of the MST PDF of
the redshift space distribution for each catalog is well fit-
ted by a Rayleigh function (eq. 2.1b), indicating the dom-
ination of a sheet-like component for denser clusters. Only
for larger lpsT > 1.5 {Ipmst) does an exponential distribu-
tion of edge lengths appear, consistent with the presence in
redshift space of low density filaments containing only 10—
30% of the galaxies. Of course, in the transitional region,
near lpst = 1.5 (ImsT), any discrimination between sheet-
like and filamentary components would be rather arbitrary.
We can see from the Rayleigh function fits at smaller val-
ues of Iysr that ~70 — 90% of galaxies are concentrated
within wall-like *** and elliptical *** clusters and the re-
maining ~10 — 30% of galaxies relate to the filamentary
component. The fraction of galaxies assigned to wall-like
clusters is least for the LCRS (~67%), gradually increases
for the mock LCRS (~80%), and reaches ~90% for the L3-
400 and L3-600 samples.

However, the interesting consideration is in the change
caused by the transition from real space to redshift space,
which can be seen directly in Figs. 2c and 3c for the mock
2dF samples, L3-600. In Fig. 2c, we see only filaments,
whereas Fig. 3c contains a substantial fraction of the sheet-
like structures. The simplest explanation is that these walls
we see in redshift space are actually made up of high density
filaments, which are so close that the small displacements
of the galaxies caused by their random peculiar velocities,
~ 300 km s™!, have ‘merged’ or ‘smeared’ the filaments
together into sheet-like structures, with such velocities cor-
responding to displacements ~ 3 k™! Mpca 2(lxrsT). Thus,
we expect that the great walls of galaxies observed in galaxy
redshift surveys to be highly inhomogeneous, and indeed
this is exactly what we see for the ‘Great Wall’ in the North
Galactic Cap (Fig. 5a of Ramella, Geller & Huchra, 1992).
Of course, this is also the reason why the autocorrelation
function in real space is steeper than it is in redshift space
(Davis & Peebles 1983, Baugh 1996).

Fig. 3b shows the MST PDF for the mock LCRS catalog
of four slices extracted from the simulated mock 2dF cata-
log using the observational constraints of the actual LCRS.
Comparing with Fig. 3a, it can be seen that the PDF's for
this and the LCRS are similar. In both cases, the main frac-
tion of galaxies are well fitted by Rayleigh functions, with a
relatively small fraction, ~20-30%, in the one-dimensional
filamentary — i.e., exponential — ‘tails’ of the PDFs. ***
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Figure 3. Distribution functions of MST edge lengths in redshift
space with correction for the selection effect for the average of the
six slices of the observed LCRS catalog (panel a), for the average
of the four slices of the ACDM mock LCRS catalog (panel b),
and for the ACDM-600 mock 2dF catalog (panel c). Rayleigh fits
are plotted by long dashed lines, exponential fits are plotted by
dotted lines.

4.2 Mass functions of structure elements
*okok

The most basic characteristic of structure elements is
their mass function. Here we are concerned with the richer
structure elements most of which are far from a dynamical
state of stable equilibrium. For such elements both Press-
Schechter theory and Zel’dovich approximation (Demiariski
& Doroshkevich 2002) predict the same behaviour of the
mass function,

Wm(p’) 0.8 exp(_pl/l’))’ B = M/(M) 3

which can be tested with the available dataset.

These measured properties of separate elements of
large-scale structure, i.e., clusters, will, of course, depend
on the linking length used to define the clusters. They are,
thus, not as well defined as the above characteristics for the
DM and galaxy distributions as a whole. Nevertheless, us-
ing some predetermined fixed dimensionless linking length,
b, and correcting for the effect of the galaxy selection func-
tion, the resulting measures seem to be sufficiently repre-
sentative. Clearly, all clusters have b > 1, making b = 1
a natural choice for such a study of the global aspect of
large-scale structure. Thus, we compare in this section these
characteristics of separate structure elements selected in the
observed LCRS and in the mock LCRS samples that we have
constructed out of four slices of the L3-400 simulation cata-
log. To examine the effect caused by the use of slices rather
than the wedge geometry of a large area of sky survey, we
also compare the latter results with those for the mock 2dF
samples, L.3-400 . The analyses have, of course, all been ap-
plied to the ‘modified’ forms of the catalogs, in order to take
into account the effect of the selection function (Sec. 2.4).
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Figure 4. Cumulative mass functions of structure elements,
W (> tm), at bgpr=1 for the observed LCRS and for the four
slices of the mock LCRS in redshift space (panel a, solid and
dashed lines, respectively), for the L3-400 mock 2dF and the four
slices of the mock LCRS in redshift space (panel b, solid and long
dashed lines), and for the basic ’galaxy’ catalogues and L3-400
mock 2dF in real spaces (panel c, solid and long dashed lines).
Fits (4.2) and (4.3) are shown by thin solid lines in panels a,
c& d.

The representativity of the mock 2dF results is corroborated
by their comparison with those for the ‘galaxy’ distribution
in the full simulation cube.

‘We define the mass function of structure elements as
Ncls (Nmem) _ Nmem
— > Mm =

Ngal (Nmem)

where Npgem is the richness, i.e., membership, in a clus-
ter and Neis(Nmem) the number of clusters possessing this
richness, with normalising factor, Ny,;, the total number of
‘galaxies’ in the sample. The corresponding cumulative mass
functions,

Wi (ttm) = Nmem (4.1)

o0
W i) = [ diin Wil
Hm
are plotted in Fig. 4 for the six slices of the observed LCRS,
for four slices of the L3-400 mock LCRS, for the L3-400
mock 2dF in real and redshift spaces and for the basic cubic
volume-limited sample of simulation ‘galaxies’ in real space.
The mass functions were, of course, corrected for radial se-
lection effects.

In all cases, we find that rich clusters with u,, >1 con-
tain ~50% of galaxies. The mass functions of the LCRS
and of the mock slices are approximately the same, with
mean richness of (Npem) = 12.8 & 16.1, respectively. Fig. 4a
shows that they can be roughly fitted to an exponents,

Wi (> pm) x exp(—0.5u) . (4.2)

However, in comparison with the corresponding full mock
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2dF catalog, Fig. 4b shows how the small thickness of the
slices has strongly distorted the mass distribution. It indi-
cates that the use of a slice geometry for a survey leads to
the artificial breakup of richer walls into a system of smaller
separate walls and clusters.

The mass functions for the mock 2dF L3-400 and L3-
600 catalogs are also similar to each other. Even so, as we
have just seen, they are very different from the mass function
of the slices, being roughly fitted by the exponents

Win (> pim) o exp(—ap'’®),  (Nmem) 100,  (4.3)

with a = 0.6 — 1.2 for different samples. This behavior of
the mass functions is consistent with the theoretical expec-
tations.

The mass functions for the mock L3-400 and L3-600 cat-
alogs are also similar to the mass function for the sample of
‘galaxies’ in the cubic volume-limited sample (Fig. 4c). But
the mean richness of structure elements in this last catalog

is only (Npmem) = 60.
ok

5 WALLS AND FILAMENTS IN DM AND
MOCK CATALOGS

In the previous section, we studied the structure of full sam-
ples. In this and the next major section, we split the full
sample into high density regions and low density regions
to make a more detailed investigation. Again, we take the
threshold linking length b, = 1 as the natural means of
obtaining the structure elements. The problem now comes
in identifying which elements belong to high density regions,
with the remaining elements to be assigned to low density
regions. Our choice of a richness threshold Ny, which yields
high density regions containing ~ 45% galaxies stems from
our earlier papers (DMRT, LCRS2, DDMT), but it was also
an empirical choice. Our interest lies in the potential of our
analyses for the description of large scale structure, and we
shall find that, with our analyses, the high density regions
can mainly be characterised as wall-like and the low density
regions as mainly filamentary in nature. Thus, a much dif-
ferent division would seriously contaminate one or the other
subsamples.

5.1 Identification of walls

To test the robustness of the identification of the richer clus-
ters, which we expect to be mainly wall-like, high density
regions were compiled for both real and redshift space. For
L3-400, ~80-85% of the galaxies in high density regions
were common to both a real space and the correspond-
ing redshift space clusters, whereas L3-600 contained only
~65-75% such common galaxies. A similar test performed
in DDMT for the DM distribution and for the mock cat-
alogs (without selection effects) demonstrates that ~75 —
80% of objects assigned to walls are common to both real
and redshift spaces.

First of all, these results characterise the high level of
objectivity in selecting high density regions and demonstrate
that distortions caused by peculiar velocities does not af-
fect more than ~20% of the objects assigned to the high
density regions. This would also indicate that at distances
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2400 h=! Mpc for the L3 mock 2dF catalog, there is a sig-
nificant increase in the number of artificial clusters produced
by the cluster finding algorithm. Furthermore, it can be
seen from the number-redshift plots for the observed LCRS
(Figs. 1la and b) that most galaxies, ~80-90%, are to be
found between 200 and 300 h~! Mpc, so that the most well
defined walls will also be situated in this region. Clearly,
then, the most robust results for the properties of walls are
to be obtained using the smaller L3-400 sample, although
we shall lose ~40% of the galaxies from the L3-600 sample
in doing so (Sec. 3.2).

5.2 Walls and filaments in the full cubic volume
simulation

Here, we compare the MST properties of the high and low
density regions from the DM distribution with those from
the ‘galaxy’ distribution in the full simulation cube for the
L3 model. In both catalogs, the high density regions were
extracted using a threshold dimensionless linking length of
bin, = 1 and a threshold richness Ny, such that the high
density regions contained ~ 44% of the objects. The com-
plementary subsample of poorer structure elements contains
all the remaining objects left over after this process. Clearly,
the separation of high density regions from low density re-
gions increases the resolution of the MST PDFs, permitting
a more detailed examination of these subsamples than a sim-
ple analysis of the full sample as a whole can give. Since our
interest here is in the MST description of the actual struc-
ture within these subsamples, the analysis was performed in
real space only.

As before, it is sensible to make use of the dimensionless
argument of the MST PDFs, lysr/{ImsT), where

(ImsT) = 0.27 & 0.5h~"Mpc, (5.1)

for the DM and ‘galaxy’ high density regions, respectively.
For the subsamples of DM and ‘galaxy’ low density regions
the mean edge lengths are naturally larger, being, respec-
tively,

(ImsT) =0.95 & 1.2h 'Mpe. (5.2)

Comparing these MST PDFs of the high and low den-
sity subsamples plotted in Fig. 5 with those plotted in Fig. 2
for the full samples shows important differences. We recall
that the MSTs of Fig. 2 characterised both the richer and
poorer samples of clusters as simply both filamentary in na-
ture. But here we see that a more complex situation actually
prevails, as ‘zooming in’ to examine separately the high den-
sity regions and the low density regions now also reveals the
presence of sheet-like structures or walls: the MST PDF for
the densest parts of the high density regions — i.e., of the
samples of richer clusters — is best fitted by Rayleigh func-
tions, characteristic of walls. The distributions of the less
dense parts of the high density regions remain similar to an
exponential, characteristic of filaments (Figs. 5a &c).

The densest rich clusters fitted by the Rayleigh function
contain ~70% of the high density region DM particles and
~50% of the high density region ‘galaxies’; this is only ~20 —
30% of objects from total DM and ‘galaxy’ populations. This
means that these dense rich clusters are concentrated within
the first 3-5 bins of Figs. 2a & b. Furthermore, in each of
these full-sample MST PDFs there is a superposition of edge
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Figure 5. Distribution functions of MST edge lengths in real
space for the sample of high density regions (panels a and c) and
low density regions (panels b and d), separately, selected from the
cubic volume-limited DM (panels a and b) and ‘galaxy’ (panels
c and d) catalogs. Exponential and Rayleigh fits are plotted by
dashed lines.

lengths from the high density regions with those from the
low density regions, leading to a smearing of the individual
high and low density region MST PDFs. Thus, in hindsight,
it is not very surprising that the level of detail that we see in
Fig. 5 may be lost when we combine the subsamples together
to give the MST PDFs in Fig. 2.

These results agree well with theoretical expectations.
The MST description for high density regions is consis-
tent with a scenario in which walls at the present epoch
have formed through large-scale compression, with succes-
sive merging of the richer filaments, of which some will be
disrupted through violent relaxation (DD99, DDMT; also
Paper 4, in preparation). Thus, walls are expected to be a
complex random web of filaments and clusters, with some
fraction of randomly distributed objects generated due to
the disruption of filaments in the course of matter relaxation.
The degree of relaxation of the matter compressed within
walls and the fraction of objects attributed to clouds, fila-
ments, and sheets depend upon the evolutionary path and
will vary from wall to wall.

Similarly, we also see greater detail in the low density
regions for the subsample of poorer clusters, but here we see
the opposite effect from that seen above for the high density
regions. The denser parts of the MST PDF's are still found
to be exponential-like, while the less dense parts are well
fitted to Rayleigh functions, as can be seen from Figs. 5b
& d for the DM and ‘galaxy’ low density regions, respec-
tively. In the low density regions, ~70% of the DM particles
and ~45% of the ‘galaxies’ are concentrated in the densest
filamentary-like clusters, i.e., low density region structure el-
ements. Other objects assigned to low density regions could
be naturally related to a low density sheet-like component
and sheet-like haloes of denser filaments.

© 0000 RAS, MNRAS 000, 000-000



For low density regions, although the exponential distri-
bution of the smaller edge lengths corresponding to filamen-
tary structure seems natural, the appearance of a pancake-
like part of the PDF at larger edge lengths may then be
surprising. However, the smallest overdensities may still be
in their earliest stages of formation of pancake-like haloes
around nascent filaments. In this simulation they comprise
~30-50% of the objects in low density regions. Of course, the
process of the first pancake formation is most rapid at high
redshifts and for the largest overdensities. But, in low den-
sity, i.e., low Qn,, cosmological models, there remains with
these smallest overdensities a trace of the process even now.
Much later in the life of the universe, some of these pancakes
will be transformed into filaments and some — due to expan-
sion in the plane of the pancake rather than contraction —
will disappear instead.

Comparing Figs. 5a & b with 5c & d shows how the
biasing between ‘galaxies’ and DM has had only a slight
quantitative effect on the MST PDFs. As was noted above,
the densest rich clusters fitted in Fig. 5 to Rayleigh func-
tion contain ~70% of the high density region DM parti-
cles and ~55% of the high density region ‘galaxies’. In the
low density regions, ~70% of the DM particles and ~50%
of the ‘galaxies’ are concentrated in the densest filaments.
This difference between the DM and galaxy MST PDFs for
small edge lengths — i.e., for the rich cores of clusters — of
course reflects the ‘anti-biasing’ procedure used in identify-
ing which DM particles are ‘galaxies’. In particular, we note,
as we did also in Sec. 4.1.1, the suppression of the cores of
DM clusters to produce less steep high density cores for the
‘galaxy’ clusters. The difference also reflects the sensitivity
of the MST analysis to variations among samples, with the
‘galaxies’ here a ~1-in-4 random sampling of the DM par-
ticles according to probabilities laid down by the biasing
algorithm. Our main concern in this paper, however, is in
the morphological characterisation of large-scale structure
that the MST analysis provides. Thus, the morphologies of
‘galaxy’ and DM structure elements are found to be very
similar.

5.3 ‘Galaxy’ distributions in mock catalogs

The results for the mock catalogs compared to those in
Sec. 5.2 allow us to investigate the effect caused by a wedge-
shaped geometry and the galaxy selection function. Thus, we
plot in Fig. 6 the MST PDFs for the high and low density
region subsamples in the mock 2dF L3-400 ‘galaxy’ catalog
corrected for the selection effect for both real and redshift
space. The mean edge lengths for high density regions and
low density regions in ‘modified’ catalogs are given by equa-
tions (6.1) and (6.2). (Recall, in this context, a ‘modified’
catalog is one whose coordinates have been transformed ac-
cording to eq. (2.5) to account for the radial selection func-
tion.)

The first thing to note is that the distributions are little
affected by whether we use the actual catalog or the ‘modi-
fied’ one (Sec. 4). However, the comparison of Figs. 6a & b
with Figs. 5c & d do show a significant distortion due to
the action of these factors. Thus, even the use of the ‘modi-
fied’ catalogs cannot substantially remove the effects of the
selection function.

The distortion is such that, in real space, the PDF for

© 0000 RAS, MNRAS 000, 000-000

Large scale galaxy distribution 11

0.8

0.4

(NRARNRRRRRERE

0.0
0.8

0.4

0.0
0.8

0.4

10 Wysr

0.0
0.8

o

=
[N
T

0.0 0.5 1.0 1.5 2.0 2.5 3.0

1MST/<1MST>

Figure 6. Distribution functions of MST edge lengths in real
(panels a & b) and redshift (panels ¢ & d) spaces are plotted
for the samples of high density regions (walls, panel a & c) and
low density regions (panels b & d), separately, for the L3-400
2dF mock catalog corrected for the selection effect. Rayleigh fits
are plotted by long dashed lines, exponential fits are plotted by
dotted lines.

the high density regions (~44% of the ‘galaxies’ in sam-
ple L3-400) could almost be fitted by a single exponential.
However, there is a hint that the high density part of the
PDF (~54% of the ‘galaxies’ in high density regions) is bet-
ter fitted by a Rayleigh distribution, in which case we then
obtain a composition of filamentary and sheet-like ‘galaxy’
populations similar to that found for the actual ‘galaxy’ dis-
tribution in the full simulation cube. The situation is clearer
for the poorer clusters or low density regions. As for the ac-
tual ‘galaxy’ distribution, the high density part of the low
density region, real space MST PDF (~50% of low density
region ‘galaxies’) is well fitted to an exponential function,
while the lower density part of the PDF (also ~50% of low
density region ‘galaxies’) is similar to a Rayleigh distribu-
tion.

In redshift space, the PDF of the subsample of richer
clusters is well fitted to a single Rayleigh function (Fig. 6c) in
excellent agreement with results for the observational LCRS
catalog (Sec. 6 of Paper 2) and with here, where Fig. 7‘c
shows that the main fraction of rich structure elements have
L¢y /| Lgym <0.3. These results thus provide a quantitative in-
sight into the appearance of walls in observational catalogs.
The difference between the real and redshift space PDFs is
of course due to the artificial merging and intermixture of
neighbouring filaments due to the random peculiar veloci-
ties of the galaxies, and what we detect as a wall is mainly
a complex fabric woven of filaments partly destroyed due to
relaxation, along with a set of rich knots or clusters. We have
here a quantitative description of the visual observation of
walls projected on the sky like that of the Great Wall in
Fig. 5a of Ramella, Geller & Huchra (1992). Furthermore,
so strong is this effect — which is produced by only relatively
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Figure 7. Mass distribution, F,, of high density region (solid
lines) and low density region (dashed lines) elements selected in
real space for the cubic volume-limited DM (panel a) and ‘galaxy’
(panel b) catalogs and in redshift space for the L3-400 2dF mock
catalog (panel c) versus the ratio of length of trunk and full length
of tree, Lty /Lsum-

small random velocities — that it also verifies the theoretical
expectation of the strong compression and (partial) violent
relaxation of matter within massive walls, leading to this
crowding of the filaments within the walls.

For the subsample of poorer clusters or low density re-
gions, both the high and low density parts of the redshift
space PDF (~60% and ~40% of low density region ‘galax-
ies’, respectively) are well fitted to a Rayleigh distributions
(Fig. 6d). For the high density part of low density region
‘galaxies’, the transformation of the real-space exponential
distribution plotted in Fig. 6b to the Rayleigh distribution
plotted in Fig. 6d can also be caused by artificial destruc-
tion and intermixture of filaments, again due to action of
random velocities, of ‘galaxies’ composing high density fil-
aments. This inference is consistent with results obtained
in the next subsection (panel c¢ in Fig. 7) where the main
fraction of ‘galaxies’ assigned to low density regions is con-
centrated near the moderate values of L, /Leum ~ 0.5-0.7.
For lower density part of low density region ‘galaxies’ the
shapes of the MST PDFs plotted in Figs. 6 b & d are quite
similar.

Thus, we conclude that even relatively small random
velocities have a great effect on the internal characteristics
of large-scale structure elements, enhancing the sheet-like
nature of structure elements both in the high and low density
regions. It is an effect that may need to be borne in mind
when analysing observational catalogs.

5.4 Morphology of DM and ‘galaxy’ structure
elements

As in Sec. 4.2.2, we can examine individual structure ele-
ments using a complementary method of characterising mor-

phology, the ratio of length of trunk and full length of tree,
Ly /Lgym, to provide the mass distribution of structure el-
ements as a function of this ratio. The distribution for the
real space DM catalog is plotted in Fig. 7a, that for the real
space ‘galaxy’ catalog in Fig. 7b and the mock L3-400 red-
shift catalog in Fig. 7c. In all cases, the mass distributions
are similar to each other. In particular, the mass distribu-
tion obtained for the mock 2dF L3-400 catalog in redshift
space is not very different to that obtained for the actual
‘galaxy’ distribution in the full simulation cube.

However, the remarkable result is how this charac-
teristic so clearly differentiates between the morphologies
of high density regions and low density regions. For high
density regions the main fraction of structure elements
have L, /Lsym < 0.5, while for low density regions values
Ly /Lgym > 0.5 are typical. The reasons for the peak of the
distribution for low density region structure elements being
at Lir/Leum 0.6 rather than = 1 are two-fold. Visually,
we see that even the filaments in low density regions are
part of a cosmic random network structure. Liy/Lsum =1
is only expected for separate filaments, while the presence
of long branches and the connection of filaments to a cos-
mic network would decrease this ratio. Secondly, the results
obtained with the MST PDF technique in the previous sub-
section shows the existence of high density clumps and lower
density sheet-like haloes around filaments in low density re-
gions and this also shifts F, toward lower Ly /Lsum.

6 WALLS AND FILAMENTS IN
OBSERVATIONS AND SIMULATIONS

In this section, we wish to compare the properties of large
scale structure in simulations with those of presently avail-
able observations. We expect that, because of its depth, the
LCRS will provide a quite fair sample of walls — walls have a
characteristic scale or mean separation of ~ 50 A~ Mpc and
the depth of the LCRS is ~ 400 A~! Mpc. Even so, the slice
geometry of the LCRS will have a significant effect on the
results; hence, the need to apply all our methods of analysis
to a mock slice catalog. *** ***

6.1 Division into high and low density regions

As in Sec. 5, we again use b;p,=1 and an Ny, so chosen so
that fgar ~40-45% of the galaxies in the catalog will belong
to the high density regions. The complementary low density
region catalog consists, of course, of those galaxies that were
not chosen as belonging to high density regions.

‘We applied this process to the ‘modified’ catalogs, which
allows some account to be taken of the selection function
(Sec. 2.4). The wall properties discussed here then become
less sensitive to the depth of the catalog, allowing us to ex-
tend our catalogs to greater distances than if the analysis
were to be applied directly to the unmodified catalog. How-
ever, as was discussed in Sec. 5.1, increasing depth also in-
creases the number of spurious clusters. Thus, the full depth
of the catalog cannot be used, as then the results will be
contaminated by spurious clusters, and the modest increase
that we have allowed for above provides fairly robust results.
The catalogs analysed were then the observed LCRS, lim-

© 0000 RAS, MNRAS 000, 000-000



ited to a depth of D = 450 h~" Mpc; the mock LCRS slices;
and the L3-400 mock 2dF.

6.2 PDFs of MST edge lengths

Fig. 8 shows the MST PDFs of the high density regions,
which are all well fitted by Rayleigh functions, characterising
them as wall-like. As this is for the MST of the whole high
density region sample, the PDFs provide more a descrip-
tion of the internal structure of walls than of their bounding
surfaces. Thus, as the local overdensity is directly given by
Imst/{ImsT), e,

Ngat < (st /{lasT)) ™2,

we see then that, with respect to the density distribution,
all the walls are similar, with mean MST edge lengths,

(ImsT) = 0.89, 0.81 & 0.87Mpc, (6.1)

for the observed LCRS, the mock LCRS, the L3-400 mock
2dF, respectively.

In more detail, it is interesting that the simula-
tions seem to have a deficiency of shorter edge lengths,
Iust/{ImsT) < 1, compared to the observations (Fig. 8b).
Thus, with the present catalogs there are in the observa-
tions 6-7% more high density region galaxies in the high
density clumps than are in the simulations. This is strange,
since, due to the fibre separation limits inherent in the ob-
served surveys (Shectman et al. 1996; Ratcliffe et al. 1996,
1998), one would expect relatively fewer galaxies in the high
density regions of the observed catalogs, not in the simula-
tions. On the other hand, the biasing scheme used in identi-
fying ‘galaxies’ in the simulations suppresses the high den-
sity cores of the ‘galaxy’ clusters relative to the DM clusters;
so perhaps this ‘anti-aliasing’ is too strong. Unfortunately,
until more complete redshift surveys are done we shall not
know if the present anti-biasing scheme in these simulations
provides a good description of the cores of galaxy clusters.
What is clear is how the MST PDF is proving to be a sensi-
tive discriminator between the large-scale structure in sim-
ulated and observed catalogs.

Fig. 8c shows the significant difference caused by the
different geometries of the mock LCRS and the mock 2dF,
i.e., thin slices vs. a large area sky survey. *** *** The use
of slices is expected to have a serious affect on the MST.
Both the increase of (Imsr) (6.1) and the excess of larger
edges seen in Fig. 8c in the high density regions of the L3-
400mock 2dF sample relative to the high density regions of
mock LCRS indicate some difference in estimated charac-
teristics of these wall-like high density regions. It is quite
a complex problem and the effect can only be determined
empirically, as here. However, it serves as a reminder of the
sensitivity of the MST to the spatial geometry of a survey.

The results plotted in Fig. 9 are for the low density
regions in the observed LCRS, in the mock LCRS slices,
and in the L3-400 mock 2dF sample. *** *** Again  the
PDFs are all similar with respect to the density distribu-
tion, although now they characterise the low density regions
as a mixture of filamentary and sheet-like structures. In all
samples the PDF's for larst/{ImsT)2 0.5, involving 40-50%
of low density region galaxies, are well fitted to exponen-
tials, characteristic of a filamentary nature. However, the
PDF's built for the L3-400 2dF mock sample and for the
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Figure 8. Distribution functions of MST edge lengths in redshift
space corrected for radial selection effects are plotted for high
density regions (walls) selected at bsp,=1 and fgq; & 0.44 in the
observed LCRS(panel a, solid line, panels b & c, dashed lines), in
the four mock LCRS slices (panel b, solid line), and in the L3-400
mock 2dF (panel c, solid line). The Rayleigh fits are plotted by
long dashed lines.

observed and mock LCRS samples demonstrate noticeable
differences. Thus, for the L3-400 mock 2dF the fraction of
galaxies assigned to high density condensations and fitted
to Rayleigh function contains ~60% of galaxies in these low
density regions instead of the ~50% characteristic of the ob-
served and mock LCRS samples. Moreover, for the L3-400
mock 2dF sample at larger edges lengths, the MST PDF
can be equally well fitted by a Rayleigh function, which is
consistent with results obtained in real space (Fig. 6d). For
both the observed and mock LCRS samples, an exponential
fit better characterizes the PDFs. This difference character-
izes both the process of separation of high density regions
and low density regions, the influence of thin slice geometry,
and, perhaps, cosmic variance.

The mean MST edge lengths for these low density re-
gions are

(ImsT) = 1.84, 1.61 & 1.49 h~"Mpc, (6.2)

for the LCRS, the mock LCRS, and the mock 2dF, respec-
tively. Not surprisingly, these edge lengths are larger than
those found for walls, Eq. (6.1). The sheet-like structures
are, of course, seen for Ins7/{lmsr)< 0.5, corresponding,
thus, to the presence of high density clumps even in the low
density regions and to the artificial intermixture of filaments
with lower density haloes.

Importantly, however, we note the striking difference of
the PDF's of Fig. 9 with those of Fig. 8. It serves to confirm
the different morphologies of the high density regions from
the low density regions and justifies the usefulness of our
discrimination between these regions.
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Figure 9. Distribution functions of MST edge lengths in red-
shift space corrected for the radial selection effects are plotted
for low density regions selected at bsp,=1 in the observed LCRS
(panel a, solid line, panels b & ¢, dashed lines), in the mock LCRS
slices (panel b, solid line), and in the L3-400 mock 2dF (panel c,
solid line). The exponential fits are plotted by long dashed lines,
Rayleigh fits are plotted by dot lines.

6.3 Morphology of observed and simulated
structure

Applying the MST to individual structure elements provides
another, but completely different, means of characterising
the morphology of large-scale structure. Thus, we investi-
gate here the mass distribution of the separate elements in
high density regions and in low density regions as a function
of the ratio of the length of the MST trunk of a structure
element to the full length of the tree, L /Loym. For the
comparison with the observed LCRS catalog, the analysis is
again performed in redshift space. The results are plotted
in Fig. 10 for the observed LCRS, the mock LCRS, and the
L3-400 mock 2dF ‘modified’ catalogs.

Rather nicely, Figs. 10a & b show that these mass dis-
tributions for the LCRS and the four simulated slices of
the mock LCRS are, indeed, very similar to each other. In
particular, they show the distinct difference in the morpho-
logical character this statistic gives for the high density re-
gions and low density regions, and provides post-hoc sup-
port for our method of dividing a catalog into such regions.
Thus, for high density regions the main fraction of objects
is situated around Ly,/Lsym ~ 0.5 — 0.6, while for low den-
sity regions values L, /Lsum 0.7 are typical. These results
are fairly consistent to those obtained with the MST PDF
technique. In detail, however, the MST PDF shows a more
significant difference between the results of the mock and
observed LCRS.

In contrast, the mass distributions obtained for the
mock 2dF sample are so completely shifted to smaller
L, / Lgym that the low density region distribution for the full
wedge catalog now occupies the space of the slices high den-
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Figure 10. Mass distribution, F,, of wall-like elements (solid
lines) and filamentary component (dashed lines) selected in red-
shift space versus the ratio of length of trunk and full length of
tree, Lir/Lsum, for the observed LCRS (panel a), for the mock
LCRS slices (panel b), and for the L3-400 mock 2dF (panel c).

sity region distribution in this plot (Fig. 10c), with the wedge
high density region structure elements becoming more ex-
plicitly sheet-like in character. Thus, this statistic is clearly
much more sensitive to the different spatial geometries of
the catalogs than is the MST PDF. In thin slices, both the
large walls in high density regions and network of filaments
in low density regions are very seriously artificially broken
up by the slice geometry. Consequently, the wall-like struc-
tures in slices are less massive and the network of filaments
a remnant, so that the decrease in Lgyn, is so much greater
than for Li,, resulting in the decrease of Ly /Lgym.

7 SPATIAL DISTRIBUTION OF WALLS AND
FILAMENTS

As we discussed in Sec. 2.5, a basic physical characteristic of
a random spatial distribution is the mean free path between
objects. Thus, we shall characterize walls by the mean free
path, (Dsep), i.e., the average distance between the inter-
sections of a random straight line with walls. It, evidently,
also characterizes the size of voids, the space between walls.
Indeed, it is perhaps the most appropriate way to do so,
considering how random and broken large-scale structure is.

For the random network of filaments, the mean free
paths along a random core sample depend linearly on the
core size, from which the surface density of filaments, oy, is
determined (Sec. 2.5.2).

In all cases, the ‘modified’ catalogs were used for the
selection of structure elements to try to compensate as much
as possible for the usual selection effects of a magnitude
limited sample.
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Table 2. Mean separation of the richer clusters.

Dco’re Nmin Nsep (Dsep) Osep
h~Mpc h~Mpc
Observed LCRS
1.5° 1 773 42.2 39.3
1.5° 6 510 49.3 45.8
10h~—'Mpc 1 1063 40.6 47.2
10h~'Mpc 6 944 47.1 51.7
Mock LCRS Slices
1.5° 1 527 44.2 43.9
1.5° 6 375 51.6 44.2
10h~'Mpc 1 453 46.8 78.2
10h~'Mpc 6 446 47.9 80.4
L3-400 Mock 2dF
1.5° 1 3090 35.9 29.1
1.5° 6 2502 37.5 35.5
10h~'Mpc 1 1430 41.2 40.3
10h—1Mpc 6 907 44.8 46.2

7.1 The Mean Free Path between walls

To estimate the mean free path between the walls in a cata-
log, radial conical cores of the space occupied by the catalog
were constructed with an apex angle of Dcore = 1.5°, i.e.,
a half-angle of 0.75°, corresponding to the beam size of the
observed LCRS fields. Cylindrical cores, with a radial size
Deore = 10h™! Mpc oriented across the line of sight, at
fixed radial distance along arcs of right ascension, were also
constructed. In each core, the galaxies of the high density
regions were collected into point-like clusters placed at their
centres-of-mass, as described in Sec. 2.5. The estimate of
the mean free path is then just the average separation be-
tween these cluster points along the cores. To test the effect
that the multiple intersections of the core with the random
boundaries of an individual walls two minimal multiplicities
of the clusters, Npmin = 1 and Npin = 6, were used; for
boundaries of a wall which twist and turn to multiply cut
across a core, the limiting cluster multiplicity of Nyn =1
includes weaker intersections than will Ny, = 6.

The mean separations of walls, (Dsep), and their disper-
sions, Osep, are listed in Table 2, where Ngep is the number
of separations that were found. Results are stable enough,
being weakly dependent on the linking lengths used for the
cluster identification and upon the threshold richness of clus-
ters. The results for radial cores and for cores oriented along
arcs of right ascension are also quite similar. The larger value
found for osep for the mock LCRS of four slices of the sim-
ulation is caused by the small random fraction of extremely
large separations. For the observed and mock LCRS the re-
sults obtained for the larger values of N,,;, are similar to
those found in Paper 1 ((Dsep) = 53k~ 'Mpc). However,
turning to the results for the simulated large sky area red-
shift survey, the L3-400 mock 2dF catalog, it seems that with
the slice geometry a fraction of small separations, due to the
multi-intersection of cores with the same wall, are missed,
yielding a larger (Dsep) than for the large angle wedge cata-
log. The stability of the mock 2dF results bode well for the
application of our analysis to forthcoming large redshift sur-
veys, such as the real 2dF and the Sloan Digital Sky Survey.

As in all our previous analyses, we find that the dis-
tribution function of separations, W (Dsep), is well fitted to
an exponential function, confirming the Poisson-like distri-

© 0000 RAS, MNRAS 000, 000-000

Large scale galaxy distribution 15

Table 3. Mean separation and surface density of filaments.

Nmin Nsep (Dsep> Tsep 103 " U'f Dcell
h~IMpc h~!Mpc h2Mpc=2 A~ 1Mpc
Observed LCRS, radial core, 8core = 1.5°
1 3103 19.7 15.9 3.9 16.1
3 2092 26.4 24.4 2.9 18.5
5 1406 29.5 24.5 2.6 19.6
Observed LCRS, transversal core, Deore = 10h~1Mpc
1 2930 16.1 13.0 3.8 16.2
2626 17.7 15.6 3.4 17.1
5 2311 19.9 17.9 3.0 18.2
Mock LCRS Slices, radial core, 8core = 1.5°
1 3064 19.5 16.8 3.9 16.1
3 2416 24.6 24.3 3.2 17.8
5 1687 32.5 31.1 2.4 20.6
Mock LCRS Slices, transversal core, D¢ore = 10h~1Mpc
1 2314 13.9 11.0 4.3 15.2
2271 14.0 11.1 4.3 15.2
5 2184 14.3 11.6 4.2 15.4
L.3-400 Mock 2dF, radial core, 8core = 1.5°
1 12225 14.1 13.2 5.4 13.6
3 8617 19.3 17.1 3.9 15.9
5 6697 27.1 24.2 2.8 18.7
L3-400 Mock 2dF, transversal core, Deore = 10h~1Mpc
1 7682 8.2 6.4 6.1 12.8
3 5692 12.0 9.9 4.2 15.4
5 5029 13.1 11.2 3.8 16.2

bution of the separations of rich clusters along random core
samples. For an exponential distribution, the dispersion is
equal to mean, and, indeed, Table 2 does show them to be
approximately equal for our distributions of separations.

7.2 Spatial distribution of filaments

Core sampling analysis provides another complementary
way of characterising the morphology of structure (see
Sec. 2.5.2); we find that the results of the analysis follows
well the relations of equations 2.7 a & b, thus characteris-
ing low density regions as simply filamentary. As these are
poorer clusters than those in high density regions, they will
be more sensitive to the observational constraints caused by
the galaxy selection function discussed in Sec. 2.4 and by
the spatial geometry that was surveyed.

With the measured mean free path, (Dsep), and core
size, the surface density of filaments o can then be esti-
mated for the low density regions in the LCRS, mock LCRS
and mock 2dF L3-400 catalogs. As in the previous section, a
system of radial conical cores with the angular size 1.5° and
a system of cylindrical cores across the line of sight with a
radial size of 10 h~! Mpc were used.

The main results are listed in Table 3, where Ngep,
(Dsep) and s¢p are the number, mean value, and dispersion
of the measured separations of the filaments in the core sam-
ples, from which the characteristic scale, D¢eii = 0;1/ 2, is
then determined. Clearly, D..;; is an appropriate definition
of the mean cell size of this random network of filaments.
The formal precision of these estimates, ~10%, is obtained
from the comparison of the results for individual slices.
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In more detail, we see that the estimates for o; for
the radial conical cores and the transversal cylindrical cores
are, indeed, approximately equal. All our estimates of oy
lie between those obtained in Paper 1 for all filaments,
o = (9.6 £0.8) - 10"3h®Mpc 2, and for the subpopulation
of richer filaments, oy = (1.4+0.3)-10~3A*Mpc 2. However,
we remind the reader that in Paper 1 core sampling was ap-
plied to the full survey, whereas here we have separated the
survey into low density regions and high density regions and
applied the analysis to each separately.

Finally, it was found that, as for the walls of high den-
sity regions, the distribution of measured separations is also
well fitted to an exponential one, confirming the Poisson-like
character of the cluster distribution along a random core.
And, of course, we can compare these results for the mock
catalogs with those from their parent catalog, i.e., to

o5~ 3.6-10"°h’Mpc™> Doy = 16.6h™ " Mpc

for the ‘galaxy’ filaments in the full simulation cube, as char-
acterised by core sampling.

In summary, our results show that the mean cell size of
the random filamentary network is ~10-15 A~ ! Mpc, with a
Poisson-like distribution along a random core.

8 SUMMARY AND DISCUSSION

*** In this paper we have continued the investigation of the
large scale matter distribution in simulated and observed
catalogs which we began in Paper 1, Paper 2, DMRT, DD99,
and DDMT. Application of the MST technique for the simu-
lated basic DM and ’galaxy’ distribution in the cubic volume
and for the mock catalogs (Cole et al. 1998) allows to test
numerical results and to reveal differences beteen these dis-
tributions. Comparison of these results with those obtained
for the simulated and observed LCRS catalogs reveals the
impact of slice geometry.

KKK

These surveys are deep enough and sampled well enough
to provide for the first time a fairly representative sample
of structure elements and, thus, reasonable measurements of
structure properties. At the same time, however, the signifi-
cant dependence of measured structure properties on the ge-
ometry and the richness of observed and simulated samples
demonstrates that, with available surveys, we cannot yet ob-
tain stable measurements of these properties. This inference
becomes clear if one remembers that the mean separation
between ‘Great Walls’ is ~40— 50h~'Mpc and the number
of walls in catalogs of depths ~(200 — 300h™*Mpc) is very
limited.

8.1 Large scale matter distribution in
observations and simulations

Our analysis with the Minimal Spanning Tree technique
demonstrates that, on large scales in both observed and
simulated catalogs, galaxies and DM particles are strongly
concentrated within a set of structure elements which can
roughly be separated into sheet-like and filamentary sub-
populations. The richer sheet-like (or wall-like) elements
surround low density regions (‘voids’) with a typical size
of about 40 — 50h™'Mpc. The ‘voids’ are occupied by a

set of filaments and poorer, less massive pancakes which
connect the richer walls to the joint (broken) network. In
turn, the filaments are surrounded by low density sheet-like
haloes. These conclusions are in general consistent with re-
sults obtained in our first analysis of the LCRS with the
core-sampling method (Paper 1), with results obtained for
the DM distribution (DMRT, DDMT), and with theoretical
expectations (DD99).

The high concentration of DM and galaxies within ran-
domly situated walls and filaments differs strongly from a 3-
dimensional Poissonian distribution, and, in particular, this
diffence generates the strong spatial correlations in galaxy
distribution. Indeed, for the sample of galaxies randomly dis-
tributed along a suitable set of randomly distributed straight
lines and planes, the two-point autocorrelation function is
consistent with the observed power law, £(r) o< =7 (van
de Weygaert 1991; Buryak & Doroshkevich 1996). The cor-
relation function becomes small at r > 10k~ Mpc, but the
strong modulation of the density of DM and galaxies is seen
up to at least r ~ 50h~!Mpc, which is the typical distance
between the richer walls.

The large scale DM and galaxy distributions, however,
are different in some important respects. First of all, galax-
ies contain only a few per cent of the matter in the Universe
and their formation is sensitive to various biases. Moreover,
in observations the large scale galaxy distribution and its
measured properties are distorted by the influence of the
survey geometry, selection effects, the random velocities of
galaxies, and other random factors. The action of these fac-
tors cannot be estimated a priori, but the technique used
here allows us to examine and to characterize these effects
statistically.

The impact of some of these factors was reproduced in
mock catalogs (Cole et al. 1998). Thus, comparison of char-
acteristics of basic DM and volume-limited galaxy distribu-
tions in rectangular computational boxes reveals the influ-
ence of the simulation’s galaxy identification algorithm. The
comparison of these cubic volumes with mock 2dF and mock
LCRS catalogs reveals the influence of the survey geometry
and selection effects. The comparison of results obtained in
real space and in redshift space revels influence of random
velocities.

8.1.1 Correction for the selection effect

Unlike to action of other factors the influence of the galaxy
selection function can be partly taken into account in our
analysis. We do this by re-scaling the radial distance of the
galaxies in order to obtain a pseudo volume-limited sample
(Sec. 2.5). The resulting ‘modified’ catalogs are especially
important in the estimates for the morphology and mass
functions of the structure elements.

This correction, however, does not restore lost galaxies.
and it only moderately increases — by about 20 — 30% —
the richness of the sample under investigation. At large dis-
tances, even after such correction, some artificial structure
elements are generated, thereby increasing the scatter and
decreasing the robustness of the results.

This means that a poorer but more homogeneous sam-
ple of objects provides more reliable results and that at-
tempts to compensate for the selection effects beyond cer-
tain limits is of only limited success.
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8.1.2 Main properties of large scale matter distribution
Our analysis verifies that

(i) In real space in both basic DM and ‘galaxy’ cubic
volume-limited catalogs, the matter distribution can be ap-
proximated by a superposition of two filamentary subpop-
ulations with different typical number densities or typical
edge lengths (Sec. 4.1.1). For the DM catalog, the high den-
sity subpopulation contains ~90% of particles with the mean
edge lengths ~10 times smaller than that for the ~10% of
particles in the low density subpopulation. For the ‘galaxy’
catalog, the high density subpopulation contains ~75% of
objects with the mean edge lengths ~3 times smaller than
that for the ~25% of particles in the low density subpopula-
tion. These differences are indicative of the process of galaxy
identification used in the simulations.

(ii) In mock catalogs in real space, the large scale ‘galaxy’
distribution can be approximated by a single filamentary
population with a weak excess of objects at lysT ~1 —
1.5(lmstT). However, for the mock catalog, the mean edge
length is of about twice as compared with that for the
‘galaxy’ distribution from a cubic volume-limited sample
(Table I). This difference in the large scale object charac-
teristics is caused by galaxy selection effects and the spa-
tial wedge geometry for a magnitude-limited sample. This
difference cannot be eliminated using the ‘modified’ radial
coordinates of Sec. 2.4, and it indicates that even for so rich
a catalog as the 2dF some observed characteristics of the
large scale matter distribution can be far from reality.

(iii) In both observed and mock catalogs in redshift space
(Sec. 4.1.2), the large scale galaxy distribution can be ap-
proximated by a superposition of high density wall-like sub-
populations (70 — 90% of objects) and lower density fila-
mentary subpopulations. Properties of both subpopulations
are weakly sensitive to the correction for the selection ef-
fects but depend heavily upon the sample geometry. Thus,
the fraction of galaxies for MST PDFs fitted to Rayleigh
functions (the sheet-like component) increases from ~70%
for the observed LCRS up to ~80% for the mock LCRS and
reaches ~90% for mock 2dF catalogs.

(iv) The difference in the large scale object distributions
in real and redshift spaces is caused by relatively small shifts
in galaxy positions — ~ {lxs7) — due to their random radial
velocities. This effect demonstrates the strongly nonhomoge-
neous spatial distribution of high density filaments selected
in real space for basic catalogs. This result points out that
the richer sheet-like structure elements were recently formed
due to the collapse and further partial relaxation of previ-
ously formed high density filaments and clouds.

(v) The impact of a small slice thickness also strongly
perturbs the observed properties of individual structure el-
ements. In particular, the random crossing of structure el-
ements with thin slices changes the measured morphology
and mass function of these elements (Sec. 4.2.2).

8.2 Walls and filaments in observations and
simulations

The division of the full samples into high density regions
and low density regions, and the consequent analysis of these
high density regions and low density regions separately per-
mits a more detailed investigation of the large scale matter
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distribution. In particular, it allows the discrimination be-
tween the contribution of wall-like and filamentary conden-
sations in high density regions and in low density regions for
both real space and redshift space.

8.2.1 Identification of walls-like high density regions and
filamentary low density regions

In all catalogs the high density richer structure elements
(walls-like high density regions) were identified with richer
clusters containing ~40 — 45% of all objects at a given
threshold linking length (or a given overdensity) as described
in Sec. 2.2 . The subsamples obtained by the removal of high
density region elements from the full sample were considered
as subsamples of low density structure elements (low density
regions).

Such a classification contains some degree of arbitrari-
ness due to the continuous distribution of densities, mor-
phologies, and other characteristics of the structure elements
(see discussion in Sec. 2.3). Despite this limitation, this clas-
sification is still effective, and the comparison of the mea-
sured properties of high density regions and low density
regions confirms that these are indeed two different pop-
ulations. The objectiveness of this classification is also con-
firmed by the comparison of objects assigned to high density
regions in real and redshift spaces. This test shows that, for
all mock catalogs, ~70 — 80% of galaxies assigned to high
density regions in redshift space also appear in the corre-
sponding high density regions in real space.

8.2.2 Walls and filaments in DM and unselected ’galazies’
catalogs

Results obtained in Sec. 5 show that, in real space, for all
catalogs under consideration, subsamples of high density re-
gions contain an essential sheet-like fraction (~50% of galax-
ies and ~70% of DM particles assigned to high density re-
gions). For subsamples of low density regions the high den-
sity part (also ~50% of galaxies and ~70% of DM particles
assigned to low density regions) is related to the filamentary
component of the structure. These results confirm that the
richer wall-like high density regions are formed due to com-
pression of previously formed high density filaments. The
partial relaxation of compressed matter leads to the partial
disruption of the infalled filaments and stimulates formation
of fraction of objects with a sheet-like MST PDF.

In contrast, in redshift space, the sheet-like population
dominates in both high density regions and low density re-
gions. Taking into account that, for the most part, the same
objects appear in the high density regions independent of
whether or not the classification was performed in real space
or in redshift space (Sec. 7.2.1), we can relate the change of
character of the object distribution to the artificial disrup-
tion and intermixture of neighbouring filaments caused by
random radial velocities.

8.2.3 Walls and filaments in observed and mock catalogs

Results obtained for the observed LCRS and for the mock
catalogs are in general quite consistent with each other and
qualitatively coincide with those obtained for basic cubic
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volume catalogs. Thus, in real space, about half of galaxies
in high density regions are in the high density walls while
the less dense component is filamentary. In contrast, in real
space, the high density half of galaxies in low density regions
are in filaments and the less dense part is rather sheet-like.
As usual, in redshift space, sheet-like components dominate
both in high density regions and low density regions.

For the LCRS and mock LCRS catalogs the thin slice
geometry artificially reinforces the contribution of the fila-
mentary component and distorts the measured mass func-
tion and structure morphologies (Secs. 6.2 and 6.3).

8.2.4 Morphology of observed and simulated structure

The comparison of morphology of structure elements se-
lected in both high density regions and low density regions
(Sec. 6.3 Fig. 10) for the observed LCRS, for the mock
LCRS, and for the L3-400 mock 2dF, shows that the statis-
tical characteristics of morphology are strongly dependent
upon the geometry of the catalogs used. It shows that the
artificial destruction of larger walls due to their intersection
with the thin slices changes significantly the mass function
and morphology of richer wall-like elements. For the ran-
dom network of filaments, the same artificial destruction in-
creases the number of separate filaments and a fraction of
single galaxies.

8.2.5 Spatial distribution of wall-like and filamentary
components

The free path between walls discussed in Sec. 6.4 provides an
objective measurement of the size of low density regions in
the galaxy distribution. This size, (Dsep) ~240 — 50h~ " Mpc,
is the same for the observed LCRS and for the mock catalogs
and is consistent with what was found in Paper 1 using the
core-sampling method. The approximate character of such
estimates is caused by the procedure of wall identification
and by the impact of several random factors such as the
random multi-intersection of the core with a single wall.

The analysis of the spatial distribution of the filamen-
tary component confirms that the typical cell size of the ran-
dom network, Dge;; 10 — 15h 1 Mpc, is the same in both
the radial and the transversal directions. So, the measured
value of D¢ can be taken as a real characteristic of the
random network formed by filaments.

8.3 General discussion

The theoretical analysis of structure formation and evolu-
tion in CDM-like models (DD99) has shown that it can be
roughly described as a continuous formation of Zel’dovich’
pancakes with progressively growing sizes and richness, and
their simultaneous compression into high density filaments.
The earlier formed structure elements, both pancakes and
filaments, are involved in the process of hierarchical clus-
tering and are brought into the richer pancakes. Further
on, some of them are disrupted in course of relaxation, but
survivors are seen as high density filaments and clumps em-
bedded within richer walls and filaments.

This implies that the observed structure is always
formed by the random superposition of structure elements

with a various degree of filamentarity and ‘wall-ness’ and
with progressively growing sizes and richness. Larger den-
sity contrast is typical for filaments formed due to the two
dimensional compression of matter. The high degree of self
similarity of this process can be expected up to later evolu-
tionary stages when the disruption of structure into a system
of high density clouds becomes dominant.

The continuous character of structure formation and
the transformation of walls into filaments also implies the
continuous distribution of structure element properties. The
random shape of richer structure elements which are com-
posed by both wall-like and filamentary components makes
the classification of such elements somewhat arbitrary. In
this sense, we prefer to characterize both an individual struc-
ture element and a set of such elements by the degree of
‘wall-ness’ or the degree of filamentarity. As was discussed
above, this problem can be solved with the Minimal Span-
ning Tree technique applied for a full sample, for a selected
structure element, or for a set of such elements.

This does not mean, however, that other descriptors
cannot be used. Thus, although the Inertial Tensor method
cannot successfully characterize the morphology of real
structure elements, it does give us at least an objective mea-
sure of the size of such an element along its largest dimen-
sion. Further, the application of the core-sampling approach
to a subsample of structure elements considered in DDMT
allowed us to obtain a set of more accurate quantitative
characteristics of wall-like elements and, moreover, to find
some characteristics of the initial perturbations.

Promising results can also be obtained with Minkowski
Functionals. This approach demonstrates high efficiency
when it applied to CMB temperature maps (see, e.g.,
Schmalzing & Gorski 1998, Naselsky & Novikov 1998). The
first applications of this approach to observed and simulated
catalogs have shown that it can also give additional relevant
information about large scale distributions in the Universe.
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